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SUMMARY

An experimental investigation has been made to indicate the validity of

using methane-air combustion products as the test medium for aerodynamic heating

and loading tests. Tests were conducted on a hemisphere-cylinder and on a bluff-

afterbody model, both in methane-air combustion products and in air alone, and

covered a range of Mach numbers from 6 to 9_ total temperatures from approximately

2,000 ° F to 3,100 ° F, and stream Reynolds numbers per foot from 0.45 × l06 to

2.8 x l06.

The data showed that the nondimensional heating-rate distribution along a

hemisphere-cylinder as obtained in combustion products was in good agreement

with that obtained in air_ and the results were in reasonable agreement with

theory. The stagnation-point heating rates in air and in combustion products

over the hemisphere-cylinder agreed within lO percent of the theoretical values.

The pressure distributions around a hemisphere-cylinder obtained from tests in

combustion products were in good agreement with those obtained in air and could

be predicted by Newtonian flow theory. The tests in combustion products of a

bluff-afterbody model produced nondimensional heat-transfer coefficients which

were in fair agreement with results obtained in air.

INTRODUCTION

With the advent of manned hypersonic flight there is a great need for large-

scale ground test facilities capable of true flight simulation at hypersonic

speeds. Such facilities permit research testing of full-scale components of

vehicles under realistic combinations of aerodynamic heating and loading. The

power requirements for producing the required test stream energy levels at the

desired large flow rates of air for these large facilities are prohibitive.

Consequently, other methods must be utilized to obtain the desired simulation.

One such method consists of burning a fuel in air and expanding the combustion

gases through a nozzle and using these combustion products as the test medium,

in which case the aerodynamic heating and loading may be different from that

experienced by a body in flight. Hence, the difference in heating and loading



resulting from testing in combustion products rather than in air must be
evaluated.

This paper presents the results of an experimental investigation wherein
the actual heating and loading distributions on two simple bodies were measured
at hypersonic velocities in combustion products and in air. Oneof the bodies
was a hemisphere-cylinder used to measure local heating rates and pressure dis-
tributions; the other was a bluff-afterbody configuration used for comparison
of heating rates over areas washedby wakes. Comparisonof the test results was
madeto indicate the measureddifferences in nondimensional heating and loading
afforded by the two test media. Heat-transfer and pressure-distribution data
obtained in combustion products are also presented for the bluff-afterbody shape
at angles of attack of approximately 0° and 9.5° as a further interest in areas
washedby wakes. The hemisphere-cylinder-model data were comparedwith theory.

The tests in combustion products were conducted in the 7-inch Mach7 pilot
tunnel at Langley Research Center. This facility is a combustion-process tunnel
which develops Machnumbersfrom about 7 to 9 depending upon the stagnation tem-
perature and pressure and the nozzle throat area. Data were obtained in this
tunnel at stream Reynolds numbersper foot between 0.45 × 106 and i.i x 106, at
model stagnation pressures from approximately 4 to 14 psia, and at stagnation
temperatures between 2_i00° F and 3,100° F.

The tests in air were conducted in the Langley ll-inch ceramic-heated tun-
nel, a Mach6 facility which achieves the required energy level through use of
a ceramic storage-type heat exchanger. Data were obtained at a stream Reynolds
numberper foot from 1.6 x 106 to 2.8 X 106, at model stagnation pressures from
approximately 14 to 17 psia, and at stagnation temperatures from 2,000° F to
2,750° F.

SYMBOLS

c

ep

Cp

D

h

k

M

Btu

specific heat, ib_O R

Btu
specific heat at constant pressure, ib_O R

pressure coefficient based on free-stream conditions,

maximum diameter of bluff-afterbody model, in.

Btu
heat-transfer coefficient,

ft2-sec-°R

thermal conductivity, Btu
ft-sec-°R

Mach number

PZ - P_o

q_



Npr Prandtl number, -CP_k

NSt Stanton number, h
pVcp

P

qc

aw

o

m

s

t

L-2031

pressure, psia

Btu

3

convective heating rate,
ft2-sec

q dynamic pressure, ib/sq ft

r nose radius, in.

s distance along meridian profile of body, measured from points indicated

in figures, in.

T temperature, OR (unless otherwise indicated)

t model wall thickness, ft

V velocity, ft/sec

x distance aft of maximum diameter, measured parallel to model center

line, in.

angle of attack, deg

meridian angle, deg

e angle from stagnation point on hemisphere, deg

p density, ib/cu ft

T time_ sec

viscosity, ib/ft-sec

Subscripts:

adiabatic wall condition

initial

local condition

model

stagnation point

total



co

wall condition

free-stream condition

MODELS

Two different model configurations were tested, a hemisphere-cylinder and an

irregular-shaped model. The irregular-shaped model had a blunt face with an

afterbody which had a rapid reduction in size aft of the maximum diameter. This

model will hereafter be referred to in the text as a bluff-afterbody model. Sep-

arate models of each configuration were constructed for heat-transfer and for

pressure-distribution tests.

Hemisphere-Cylinder Models

Heat-transfer models.- Two similar hemisphere-cylinder heat-transfer models

were constructed, one for testing in combustion products and the other for

testing in air. Figure l(a) shows a cross-sectional view of one of these heat-

transfer models. These models were about 3 inches long with a 0.75-inch nose
radius and had a uniform wall thickness of 0.026 inch. The models were machined

from 309 stainless steel which, of the materials available, had the highest

resistance to scaling with a scaling temperature of approximately 2,000 ° F. The

models were instrumented with 15 thermocouples of No. 30 gage chromel-alumel

wire tack-welded to the inside wall in one longitudinal plane in the positions

shown in figure l(a). The outer surfaces of the models were polished to a

finish corresponding to approximately 8 microinches rms and were wiped clean

between runs. The finish was approximately 40 microinches rms at the conclusion

of the tests. These measured values are the maximum variations over the surface

obtained with the use of a profilometer and a diamond-point stylus.

Pressure-distribution model.- The pressure-distribution model had the same

external geometry as the heat-transfer models with the exception of a O.l-inch

difference in length. This model had a wall thickness of 0.25 inch and had 15

pressure orifices located in a spiral pattern as shown in figure l(b). The

pressure orifices were installed by brazing 0.020-inch inside-diameter tubing

in the model wall and were then made flush with the surface. The pressure

transducers used for this test were of the strain-gage type, with ±i0- and ±l_-

psi gages used over the major portion of the hemisphere and 0- to l-psia gages

used near the rear of the hemisphere and on the cylindrical portion of the model.

Figure 2 shows a photograph of one of the two heat-transfer models and of the

pressure-distribution model. Most of the 0.020-inch inside-diameter pressure

orifices may be seen in the photograph. The model finish does not appear typical

since a dulling spray was used for photographic purposes to cut down on light

reflection. This model was later reinstrumented with 0.040-inch inside-diameter

tubing before the test in air in order to reduce the test time required to sta-

bilize the pressures on the cylindrical portion of the model.
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Bluff-Afterbody Models

Heat-transfer model.- The heat-transfer model for the bluff-afterbody con-

figuration is shown in the photograph of figure 3_ taken after completion of the

tests. The forward portion of the model had a conical shape with a 0.5-inch nose

radius and was made of boron nitride, which effectivel_ insulated the instru-

mented afterbody from any large heat sink. The afterbod_v was made of 347 stain-

less steel and had a wall thickness which varied from 0.010 to 0.011 inch and had

a maximum surface roughness of 8 microinches rms. Twenty-one thermocouples of

No. 30 gage chromel-alumel wire were tack-welded to the inside surface in a longi-

tudinal plane as shown in figure 4(a). Also shown are some pertinent dimensions

and a table of measured wall thicknesses at the various thermocouple locations.

The model afterbody was insulated from the sting of the model with boron nitride

which has a low thermal conductivity. This insulation completely isolated the

afterbody from any contact with a material having a high conductivity.

Pressure-distribution model.- A cross section of the pressure-distribution

model of the bluff-afterbody configuration is presented as figure 4(b). Included

in the figure is a table of the pressure-orifice locations. This model was con-

structed to the same external dimensions as the heat-transfer model but had a

wall thickness at the stagnation point of 0.75 inch and a wall thickness along

the afterbody which varied from 0.i to 0.2 inch. There were 12 orifices of

O.040-inch inside-diameter stainless-steel tubing brazed into the model wall in

a longitudinal plane as shown in the figure. Strain-gage-type pressure trans-

ducers to measure the pressure outputs over ranges of 0 to i and 0 to 2 psia were

used for the tests of this model. The entire model was made of 347 stainless

steel.

FACILITIES AND TESTS

The tests using the combustion products formed from the burning of methane

in air as the test medium were made in the 7-inch Mach 7 pilot tunnel at Langley

Research Center. The tests in air alone were conducted in the Langley ll-inch

ceraalic-heated tunnel.

Apparatus

7-inch Mach 7 _ilot tunnel at Lansley Research Center.- The 7-inch Mach 7

pilot tunnel at Langley Research Center is a hypersonic blowdown facility with a

high-energy level obtained by burning a mixture of methane and air under high

pressure, with the combustion products serving as the test medium to obtain

hypersonic flight simulation. A drawing of a portion of this tunnel is shown in

figure 5. Air is introduced at pressures up to 2,300 psia, then mixed with the

methane, and burned in the combustion chamber. The combustion products are then

expanded through an axisymmetric nozzle and pass through the free-jet test sec-

tion. The flow is then diffused in a straight-tube diffuser and pumped to the

atmosphere by means of a single-stage annular air ejector, not shown in the

drawing.
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The nozzle throat temperature is controlled by injecting and regulating a

film of cold air along the nozzle inner surface just upstream of the throat.

Tunnel stagnation temperatures are obtained by recording the output of four

iridi_n-iridium 40-percent rhodium thermocouples located near the downstream end

of the combustion tube at various radial positions. The stagnation temperature

is controlled by regulating the fuel-air ratio. Diametrical pitot-pressure sur-

veys and stagnation-temperature surveys made over the length of the test region

indicate a usable test core diameter of between 2.5 and 3.0 inches, dependent

upon pressure. Over this diameter of the test core there is a _-percent varia-

tion in pitot pressure and in total temperature (which corresponds to a maximum

variation in Mach number of ±0.07).

For a given test run, the flow is started and allowed to reach the desired

equilibrium conditions. The model is then injected into the stream by means of

an hydraulically actuated mechanism which requires approximately one-fourth sec-

ond to position the model for testing. The model can then be removed from the

test section at the desired time. A photograph of a hemisphere-cylinder model

in test position in the tunnel test section is shown as figure 6.

Langley ll-inch ceramic-heated tunnel.- The tests conducted in air were made

in the Langley ll-inch ceramic-heated tunnel. The ceramic heater consists of a

large vertical pressure chamber which is lined with zirconia brick near the top

and alumina brick near the bottom. The bricks are arranged and sealed in such a

way that the airflow cannot escape through the joints between the bricks. The

28-inch-diameter pebble bed consists of a 6-foot depth of 3/8-inch-diameter

alumina spheres at the base with a 14-foot depth of 3/8-inch-diameter zirconia

spheres on top.

Prior to a test, the pebble bed is heated with the combustion products of

propane and air which are forced down through the bed and exhausted at the base.

When the bed has reached the desired temperature_ the burner is turned off and

air is then forced upward through the bed. The air picks up the heat from the

hot pebbles as it rises through the bed and emerges at a temperature approxi-

mately equal to the surface temperature of the bed. The air is then expanded

through a nozzle to the test section and discharged to the atmosphere. The

nozzle used for the present tests was an 8° semiangle conical nozzle which had

a geometric area ratio of exit cross-sectional area to throat cross-sectional

area of 75 and developed a nozzle-exit Mach number of approximately 6.1 near the

center line. Preliminary pitot-pressure surveys indicated a usable test core of

approximately 8 inches. In the present case the model was tested with its center

i_ inches off the nozzle center line in order to minimize the modelline about

surface pitting caused by ceramic dust picked up from the heat exchanger. The

average flow angularity resulting from off-axis testing in the conical flow was

about 2° . The model was programed into and out of the test stream at the desired

time after tunnel equilibrium conditions were reached. This test facility is
described in more detail in reference i.



Test Procedure

Three different nozzle throat sizes used during the period of these tests,
along with the temperatures and pressures covered, gave a Machnumberrange from
about 7 to 9 in combustion products. The stream Reynolds numberspep foot
obtained from the tests in combustion products ranged from 0.45 × lO6 to
1.1 X 106. The model stagnation-point pressures varied from about 4 to 14 psia,
and the stagnation temperature ranged from approximately 2,100° F to 3,100° F.

The tests in air were conducted at a nominal Machnumberof 6, at stream
Reynolds numbersper foot of 1.6 × l06 to 2.8 × lO6, at model stagnation pres-
sures between 14 and 17 psia, and at stagnation temperatures from 2,000° F to
2,750° F.

During each test run, the tunnel stagnation conditions were established
before the model was subjected to the stream. The model was then inserted into
the stream rapidly so as to give it, as nearly as possible, a step-function
exposure to stream-flow conditions. For the bluff-afterbody model tested at
angle of attack, the model was preset at the desired angle before injection into
the flow. The length of each of the tests for the heat-transfer models ranged
from about 4 to 8 seconds. The pressure-distribution models were kept in the
flow for approximately 20 to 30 seconds. The outputs from the thermocouples and

pressure transducers used for measuring the local temperatures and pressures on
the models were recorded on oscillographs. The records were in the form of con-

tinuous traces where the calibrated deflection from a given reference represents

the temperature or pressure at any given time. The thermocouple reference Junc-

tions were maintained at the local ambient temperature.

Accuracy

The model quantities measured are estimated to be accurate within the fol-

lowing limitations:

Angle of attack, deg ........................... ±O.1

Wall thickness of heat-transfer model, in ................ ±0.005

Free-streamMach number ......................... ±0.05

Temperature, OR ............................ ±25
±0.o3

Time, sec ................................
-+o,o5Pressure, psi ..............................

DATA REDUCTION

The heat-transfer data were reduced by first converting the outputs of the

thermocouples to temperatures and then plotting them as functions of time.

Temperature-time curves for five of the thermocouple locations for a typical test

run are presented as figure 7- Figure 8 shows the temperature distribution along

the hemisphere-cyllnder model at several increments of time. Maximum heat-

transfer rates were desired, which would occur when the wall was still cool, that



is, at the earliest time after the starting transients were considered negligible
and when the enthalpy potential across the boundary layer was a maximum. After
the model was inserted into the flow, only about 0.2 second was required to over-
comethe initial temperature lag due to the starting transients as maybe seen in
figure 7. A similar method for obtaining the rate of heat flow into a hemisphere-
cylinder model is described in references 2 and 3. Local film heat-transfer
coefficients were determined by using the one-dimensional transient-heat-flow
equation such that

dTw
PmCmt d'-_--

h -

Taw- Tw

J

where dTw/dT represents the slope of a temperature-time curve at a given time.

The model was assumed to have a negligible temperature gradient through the wall

and a negligible lateral or longitudinal heat flow. Losses due to radiation

from the model were also negligible since the heating rates were measured near

the start of the test when the wall was still relatively cool.

The slopes of the temperature curves at several times during the first 2

or 3 seconds of heating were plotted against the difference between the adiabatic

wall temperature and actual wall temperature_ as shown in figure 9. The points

which fall below the lines on the right side of figure 9 represent the data

obtained during the time interval when the starting transients were present and

therefore may be neglected. The next several points to the left of these repre-

sent the desired transient heating when the conduction and radiation are negli-

gible so that the slope of a straight line from the origin through these points

can be considered to be proportional to the desired maximum local heating rate.

The group of points to the far left were obtained at times beyond the initial

heating where calculations show that conduction and radiation have a large effect,

and were consequently neglected. The heat-transfer rates were then determined

from the relation qc = h(Taw - Tw)." The adiabatic wall temperatures used to

reduce the heat-transfer data were computed from the equation

Taw = _r(Ts - TZ) + T_

where hr = Npr I/2 is the recovery factor for laminar flow. In the reduction

of data obtained in combustion products, the thermal and transport properties

used for methane-air combustion products were obtained from reference 4. The

values of T z were obtained from the measured stagnation temperatures and pres-

sures and the computed Newtonian pressure distributions around the body.

The temperature-time curves for the bluff-afterbody configuration showed an

initial temperature lag over the first U.3 second. The heating rates for these

models were obtained directly by measuring the slopes of the temperature-time

curves since, after the initial temperature lag, the slopes were reasonably linear

and could be measured fairly accurately. These slopes were obtained for a time

corresponding to 0.35 second after injection into the flow. Since the adiabatic
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wall temperatures were not readily obtainable for this model, the stagnation

temperatures were used to compute the Stanton numbers.

The pressure models were kept in the stream longer than the heat-transfer

models in order that the pressures could be stabilized as completely as possible.

The pressure distributions obtained in this manner_ therefore, correspond to

equilibrium flow about the body and were obtained from the transducer outputs

near the end of each test.

RESULTS AND DISCUSSION

Hemisphere-Cylinder Models

Heat transfer.- A summary of the pertinent experimental stagnation-point

heat-transfer data for the hemisphere-cylinder models is presented in table I.

The heat-transfer coefficients and heating rates listed were determined by the

method described in the previous section. Theoretical heating rates for compari-

son with these data were computed by the method of reference 5 and are compared

with the eo_perimental values in figure i0. The solid line in this figure repre-

sents the condition where experiment and theory are equal, and the dashed lines

indicate a lO-percent variation with theory. The data_ in general, fall within

these limits and are considered to be well within the accuracy generally experi-
enced from similar heat-transfer tests.

The experimental heat-transfer distribution along the hemisphere-cylinder

is plotted in figure ii as a ratio of the local heat-transfer rate to that at the

stagnation point for the two tests in air and for two typical test runs in the

combustion products. The nondimensional heating-rate distribution obtained in

combustion products is seen to be in rather good agreement with that obtained in

air alone. The theoretical curve was obtained by the method used in reference 6

which calculates directly the dimensionless heat-transfer distribution qc, z/qc, s
f

around the hemisphere. The value of the ratio along the cylinder was considered

to be equal to the computed value at the hemisphere-cylinder juncture. Although

theory appears to be slightly higher than experiment over the hemisphere and

lower than experiment at the hemisphere-cylinder juncture_ there is reasonably

good agreement between experiment and theory along the body surface.

Pressure distribution.- The nondimensional pressure distribution around the

hemisphere-cylinder model is plotted in figure 12 for the tests in combustion

products and in air. A theoretical curve is shown which was computed from the

modified theory for Newtonian flow. These pressure distributions show that the

results obtained from combustion products are in good agreement with those

obtained in air and could be predicted satisfactorily by Newtonian flow theory.

However_ the combustion-products data for the cylinder appear high as a result

of the long lag time required for stabilizing the pressure in the O.020-inch

inside-diameter pressure tubing. The pressures on the cylinder during a test

run were of the order of 0.01 atmosphere. Before the test in the Langley ll-inch

ceramic-heated tunnel_ all pressure orifices were closed and new holes drilled

where possible for O.040-inch inside-diameter tubing diametrically opposite the



original holes. Becauseof the brazing of the original tubing, which was dif-
ficult to redrill, there was no stagnation-point orifice for this configuration.
The stagnation-point pressure was determined from the extrapolation of the pres-
sures around the body and the Newtonian pressure distributions.

Bluff-Afterbody Models

Heat-transfer.- A comparison of the heat transfer in air with that in com-

bustion products for the bluff-afterbody model is shown as the free-stream

Stanton number plotted as a function of the position along the model. (See
fig. 13.) The heat-transfer coefficient in the Stanton number was based on the

total temperature at the model stagnation point, since, for this irregular-shaped

body, the local adiabatic wall temperatures were not readily obtainable. The

heat transfer on the conical portion of the model is higher for the combustion-

products data. The values are slightly higher for the air data near the aft por-

tion of the model, probably because of the previously mentioned small effective

angle of attack. The data_ however, show that the results obtained in combustion

products are in moderately good agreement with those obtained in air.

Figure 14 shows the data obtained in combustion products at an angle of

attack of 9.75 ° and at essentially two values of model stagnation pressure. Data

are shown for both the windward and leeward sides of the model. The heat-transfer

rate was highest on the cylindrical section on the windward side of the model at

the higher model stagnation pressure. The heating rates were generally high over

the length of the model on the leeward side at the low value of stagnation pres-

sure. This result could have been caused by the presence of an open wake which

persists downstream and permits high-pressure feedback to the model surface, as
suggested in reference 7.

Pressure distribution.- The pressure-distribution data along the bluff-

afterbody model at an angle of attack of 0° is plotted in the form of pressure

coefficient in figure 15. The pressures were determined at a time for which the

pressures had reached equilibrium, based on transducer output traces. The local

pressures on the conical portion of the model at the higher pressure run are seen

to be lower than the free-stream pressure for that condition. The pressure coef-

ficients are generally more positive for the low pressure than for the high-

pressure run. This result could also possibly be caused by the wake condition

mentioned previously in discussing the heat-transfer results.

The pressure data obtained at an angle of attack of 9.1 ° are plotted in
figure 16. The pressure coefficient on the windward side of the model can be

seen to be about the same for the high- and the low-pressure runs. On the lee-

ward side, the low-pressure run had somewhat more positive coefficients than the

high-pressure run. Figure 16 shows the pressure coefficients to be much greater

on the windward side over the aft portion of the model.
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CONCLUDINGREMARKS

Heat-transfer and pressure-distributlon tests were conducted on two dif-
ferent model configurations in methane-air combustion products and in air alone.
Data were obtained from combustion products at Machnumbersfrom 7 to 9, temper-
atures to 3,100° F, model stagnation pressures from 4 to 14 psia, and stream
Reynolds numbersper foot from 0.4_ × lO6 to 1.1 × lO6. Data were obtained in
air at a nominal Machnumber of 6 at stagnation temperature 9 from 2,000 ° F to

2,750 ° F, at stream Reynolds numbers per foot from 1.6 × i0° to 2.8 × 106, and

at model stagnation pressures from approximately 14 to 17 psia.

For the conditions of this investigation, the test results indicate the

followl ng:

The experimental heatlng-rate distribution obtained in combustion products

along a hemisphere-cylinder was in good agreement with that obtained in air.

Theoretical data were shown to agree reasonably well with the experimental data.

The stagnation-point heating rates in air and in combustion products on the

hemisphere-cylinder agreed within l0 percent of the theoretical values.

The pressure distributions around a hemisphere-cylinder showed that the

results obtained from combustion products were in good agreement with those

obtained in air and could be predicted satisfactorily by Newtonian flow theory.

The tests in combustion products of a bluff-afterbody model produced non-

dimensional heat-transfer coefficients which were in fair agreement with the

results obtained in air.

On the leeward side of a bluff-afterbodymodel at an angle of attack of

about i0 °, the heat-transfer and pressure data resulted in higher values at the

lower of two Reynolds numbers tested. This result could possibly be attributed

to the presence of an open wake in the flow field around the model.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Station, Hampton, Va., August 17, 1962.
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TABLEI.- STAGNATION-POINTHEAT-TRANSFERDATAFORHEMISPHERE-CYLINDER

Test

i
2
3
4

5
6

7
8

9
i0

ii

12

L3
L4

15
16

i

2

To, Pt _
Ts, OR

OR psia

3,310 575 i, 609

3,220 590 i, 670

2,985 580 i, 663

2,550 575 i, 014

3,115 580 I, 766

2,960 560 2,147

3, i00 575 i, 369

3,240 610 i, 068

3, i00 600 13109

3,005 570 960

2,995 575 i, 408

3,58o 565 i,4o5

3,34o 56o l,45o

3,215 565 i, 560

3,390 550 975

3,390 560 960

2,420 910

3,210 925

Ps _

psia

Experimental

hs_

Btu/ft2-sec-OR

Combustion products

Experimental

qc, S'

Btu/ft2-sec

5.95
6.i7

6.i5

3-75
6.99

7.94

5.o6

3.95
4.i0

5.95
5.2o

8.85

9.15
9.84

8.5o

8.35

o.o286

.o283

.O252

•0197

.o275

.0289
• 0266

.0261

.0289

. o236

.0251

.0585
•o585
•0347

•0360
.0342

78.1

74.5

60.5
59.2
69.7
69.5
67.2
65.7

72.5
57.6
60.8

lO8.5

106.9

91.9
102.4

96.8

Air

732 17.00 0.0447 67.5

738 13.95 .040Z 9Z.6

8.7
8.8

8.9

9.2

8.8

8.9
8.8

8.7

8.8

8.8

8.9

7.6

7-7
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